We report on compact and efficient silicon-organic hybrid (SOH) Mach-Zehnder modulators (MZM) with low phase shifter insertion loss of 0.7 dB. The 280 µm-long phase shifters feature a π-voltage-length product of 0.41 Vmm and a loss-efficiency product as small as aUπL = 1.0 VdB. The device performance is demonstrated in a data transmission experiment, where we generate on-off-keying (OOK) and four-level pulse-amplitude modulation (PAM4) signals at symbol rates of 100 GBd, resulting in line rates of up to 200 Gbit/s. Bit error ratios are below the threshold for hard-decision forward error correction (HD-FEC) with 7 % coding overhead, leading to net data rates of 187 Gbit/s. This is the highest PAM4 data rate ever achieved for a sub-1 mm silicon photonic MZM.
Introduction
Electro-optic (EO) Mach-Zehnder modulators (MZM) are key building blocks of optical communication systems. Ideal devices should combine small π-voltages Uπ with small device lengths L while offering low optical loss in the underlying phase shifters. These quantities are subject to various trade-offs, which can be described by two figures of merit: The π-voltagelength-product UπL and the loss-efficiency product aUπL, where a is the phase-shifter propagation loss measured in dB/mm [1, 2] . In practical devices, it is challenging to simultaneously minimize both quantities. For example, ultra-low loss-efficiency products of 0.5 VdB were recently achieved in thin-film lithium-niobate (LiNbO3) MZM [3] . However, while these devices offer bandwidths up to 100 GHz and lend themselves to high-speed signaling [3] , the efficiency is fundamentally limited by the comparatively low EO coefficient of LiNbO3. This results in rather high UπL products of more than 20 Vmm such that low drive voltages can only be achieved in cm-long devices. Much shorter device lengths can be realized by using semiconductor-based MZM. For example, 4 mm-long indium-phosphide-(InP-)based MZM with bandwidths of 80 GHz were demonstrated [4] . The devices have low aUπL products down to 0.9 VdB, but the UπL products still amount to 6 Vmm, making submillimeter InP modulators with low drive voltages hard to realize. In addition, InP-based photonic integrated circuits (PIC) rely on rather expensive fabrication processes on small wafers. Silicon photonic (SiP) devices can overcome this deficiency, exploiting sophisticated high-yield fabrication processes on large-area substrates. However, silicon does not exhibit any Pockels-type second-order nonlinearities due to its inversion-symmetric crystal lattice. Thus, SiP MZM have to rely on phase shifters that exploit the plasma dispersion effect, e.g., by means of reverse-biased pn-junctions that are integrated into the optical waveguides. To increase the efficiency of these phase shifters, high doping concentrations are needed, which increases the optical loss [5] . This trade-off leads to rather high loss-efficiency products, which amount to, e.g., aUπL = 5.8 VdB for best-in-class depletion-type phase shifters, which still feature substantial UπL products of 4.6 Vmm [6] . Much more efficient modulation is achieved in plasmonic-organic hybrid (POH) MZM, which combine plasmonic slot waveguides with highly efficient organic EO materials, and which offer ultra-small UπL products down to 0.05 Vmm [7] with unprecedented bandwidths of hundreds of GHz [8, 9] . However, the plasmonic phase-shifter structure is intrinsically linked to strong optical absorption loss, which leads to aUπL products of more than 20 VdB [7] . A modulator technology which simultaneously minimizes both the π-voltage-length product and the loss efficiency product is hence still lacking.
In this paper, we expand on our recent research [10] and show silicon-organic hybrid (SOH) MZM that combine low UπL products of 0.41 Vmm with aUπL products of 1.0 VdB. The MZM rely on 280 µm-long phase shifters and thus offer a small footprint, while the optical insertion loss of the phase shifters amounts to only 0.7 dB. To the best of our knowledge, this is the lowest phase-shifter loss reported so far for a high-speed MZM on the SiP platform. The high-speed performance of the modulator is demonstrated by generating OOK and PAM4 signals at symbol rates of 100 GBd, resulting in a line rate (net data rate) of up to 200 Gbit/s (187 Gbit/s) with a bit error ratio (BER) below the 7% HD-FEC limit. To the best of our knowledge, this is the highest PAM4 data rate so far achieved with a sub-1 mm SiP modulator [11, 12] . The low insertion loss and the ability to co-integrate SOH phase shifters with the full portfolio of standard silicon photonic devices makes the concept not only attractive for conventional optical communications, but also for emerging applications in the fields of quantum optics [13, 14] or solid-state LiDAR [15] .
SOH modulator principle
The waveguide structure of SOH modulators is fully compatible with standard fabrication processes of commercial silicon photonic foundries. Specifically, the modulators used in this work were fabricated by UV lithography on 200 mm silicon-on-insulator wafers at A*Star Institute of Microelectronics (IME) in Singapore. Figure 1 (a) shows a false-colored top-view micrograph of an SOH MZM. The aluminum (Al) contact pads (yellow) in the top metal layer are connected by vias to a coplanar transmission line in ground-signal-ground (GSG) configuration. The optical path is highlighted in blue: We use grating couplers (GC) to the left and the right of the device to couple light to and from the silicon photonic chip. Strip waveguides connect the GC with the SOH MZM where 22 multimode interference couplers (MMI, not visible) equally split and combine the incoming and outgoing light to and from the two arms of the MZM. The MZM arms contain phase shifter sections, which are realized as slot waveguides that are clad with an organic EO (OEO) material (green) in a back-end-ofline post-processing step. Strip-to-slot and slot-to-strip waveguide mode converters (not visible in Fig. 1(a) ) are used for an efficient transition between the standard silicon strip waveguides and the slot waveguide at the input and the output of the phase shifter sections [16] . Figure 1 (b) shows a schematic cross section of the phase shifter section. The position of the cross section is indicated by the black dashed-dotted line labelled A−A' in Fig. 1(a) . The optical slot waveguide is formed by two Si rails with width wrail ≈ 240 nm and height hrail ≈ 220 nm separated by the slot with a width of wslot ≈ 130 nm. The rails are electrically connected to the GSG transmission line in the bottom metal layer by n-doped Si slabs with height hslab ≈ 70 nm. A 2 µm-thick buried silicon-dioxide layer (BOX) separates the waveguides from the silicon substrate. The 3 µm thick SiO2 top cladding covers the whole chip and is selectively opened above the phase shifter sections for deposition of the highly efficient OEO material JRD1 [17] using a micro-dispensing tool. The contact pads remain To split and recombine the light in the two arms of the MZM we use multi-mode interference (MMI) couplers, which are hidden below the contact pads (yellow). The electrical signal is applied via a coplanar transmission line in groundsignal-ground (GSG) configuration, from which only the top-layer contact pads are visible. The OEO material (green) is deposited by a micro-dispensing tool and serves as the cladding for the SOH slot waveguide. The black dashed-dotted line labeled A-A' indicates the position of the cross section shown in (b). (b) Cross section A-A'. In each arm, two Si rails (width wrail ≈ 240 nm, height hrail ≈ 220 nm) define an optical slot waveguide (slot width wslot ≈ 130 nm), which is filled with the OEO material JRD1 [17] . The rails are electrically connected to the GSG transmission line by doped Si slabs (slab height hslab ≈ 70 nm). Aluminum vias connect the bottom-layer transmission line to the top-layer contact pads. For poling, the OEO material is heated and a voltage Upol is applied across the floating ground electrodes, thereby aligning the dipolar molecules (green arrows). By cooling the chip, the EO chromophores are frozen in the aligned orientation, and the poling voltage can be removed. After poling, a modulating drive voltage Ud induces electric fields in the slots (red arrows) which are parallel to the poling direction in one arm and anti-parallel in the other arm, thus resulting in efficient push-pull operation of the MZM. uncovered to ensure reliable contacting with microwave probes. Both the electrical and the optical mode are tightly confined to the OEO material in the slot region, resulting in a strong field overlap and highly efficient phase modulation. The optical confinement to the slot results from the field enhancement in the low-index OEO material at the interface to the highindex Si rails. The electrical mode is confined to the slot, because a signal voltage Ud applied to the GSG transmission line drops entirely across the slot, which is filled by the nonconductive OEO material. This results in large electric driving fields of about Ud/wslot within the slots.
After deposition, the OEO chromophores are randomly oriented, and no macroscopic EO activity can be observed. An average acentric orientation of the molecules and thus a macroscopic EO activity can be induced in a one-time poling process. To this end, we heat the material to the glass transition temperature to increase the molecular mobility. We then apply a DC poling voltage Upol across the floating ground electrodes, which drops across the slots and aligns the dipolar chromophores (green arrows). This results in an average acentric orientation, which is maintained when cooling down the material while keeping the poling field applied. At room temperature the chromophores have lost their mobility, and the poling voltage can be removed. When an RF drive voltage Ud is applied to the GSG transmission line, the electric fields in both arms point in opposite directions (red arrows). This results in a push-pull operation of the MZM, which reduces undesired phase modulation (chirp) of the modulated optical signal [18, 19] . Note that the employed OEO material JRD1 is primarily optimized for high efficiency and has a relatively low glass transition temperature of 82 °C [20] , which prevents operation at elevated temperatures. However, the chromophore core may be modified by crosslinking agents, which enables lattice hardening after the poling step [21] . For a similar class of OEO material with large EO coefficient of 300 pm/V, this approach resulted in a high glass transition temperature of 160 °C [22] such that thermally induced relaxation of the poling-induced acentric orientation can be neglected at industrially relevant temperatures of 85 °C [22] . An additional challenge is photochemical degradation if the material is exposed to high optical intensities. However, the effect is related to the presence of oxygen such that the OEO material may be protected from degradation by hermetically sealing the modulator by an oxygen blocking sealant [23, 24] .
Determination of π-voltage
To determine the π-voltage of the devices, we use the setup shown in Fig. 2 . The SOH MZM is fed by an optical carrier at 1550 nm from an external-cavity laser (ECL), which is coupled to the device via grating couplers (GC). The device is driven by a low-frequency triangular waveform that is provided by a function generator (FG) and coupled to the chip via DC probes. The modulated light is coupled to a fiber and detected by a photodiode (PD), which is connected to an oscilloscope (Scope) to simultaneously monitor the MZM output power and the drive voltage. If the peak-to-peak amplitude of the drive voltage exceeds the π-voltage Uπ, the latter can be directly measured from the drive voltage difference between the minimum and the maximum power transmission of the MZM. The lowest π-voltage measured for the 280 µm-long SOH MZM investigated in this work amounts to 1.48 V, resulting in a UπL product of 0.41 Vmm for a slot width of 130 nm. In a previous report [10] using also the OEO material JRD1, we achieved a slightly better value of 0.32 Vmm for larger slot widths of 150 nm and 190 nm. The slightly reduced modulation efficiency is attributed to the fact that the EO chromophores near the slot walls are mostly oriented parallel to the sidewalls due to surface interactions. As a consequence, the volume fraction of perpendicularly aligned chromophores becomes smaller the narrower the slot is [7] .
Determination of insertion loss of SOH phase shifters
To determine the phase shifter insertion loss, the wavelength of the ECL is swept and the wavelength-dependent total transmitted optical power tot () P λ at the modulator output is measured. In the following, the fiber-to-fiber attenuation of the device is specified in dB and can be calculated by atot(λ) = -10log(Ptot(λ)/P0), where P0 corresponds to the optical launch power. To de-embed the attenuation of the phase shifter sections, we subtract the dB-values of the attenuation of the two grating couplers (2aGC(λ)), of the feeding strip waveguides (aStrip), of the two MMI couplers (2aMMI(λ)), and of the strip-to-slot and slot-to-strip mode converters (2aConv) from the overall attenuation (atot(λ)) of the device. The attenuation of the strip waveguides is calculated according to the specification of the foundry. For all other components, we use suitable test structures on the fabricated wafer, see the Appendix for more details.
The on-chip MZM attenuation aMZM(λ) = atot(λ) − 2aGC(λ) − aStrip of the bare MZM shows a strong wavelength dependence, see Fig. 3(a) . This is caused by the fact that the passive waveguide sections of the MZM arms were designed to have different lengths such that the . The two outliers are attributed to the fact that the OEO material is filled into the slots by a manual process, and we expect that an automated dispensing of the OEO material will further improve the uniformity and reduce the losses.
operating point of the device can be set by the laser wavelength. This leads to a transmission characteristic in which constructive and destructive interference alternates. We choose wavelengths λi of constructive interference to determine the phase shifter insertion loss aPS(λi) by
The calculated insertion loss aPS(λi) varies slightly in the investigated wavelength range between 1510 nm and 1580 nm. We therefore specify a mean phase shifter insertion loss PS a obtained by averaging over all considered wavelengths λi. The procedure is illustrated in Fig. 3(a To account for statistical variations, we investigate nominally identical dies from four different positions on the wafer, each die containing four nominally identical SOH MZM with 280 µm-long phase shifters. A histogram of the wavelength-averaged phase shifter losses PS a of all 16 devices is shown in Fig. 3(b) . By averaging over the 16 devices of the histogram, we estimate a mean phase shifter loss of PS 0.6dB a  and a standard deviation of PS 0.5dB a   . Note that the rather high standard deviation is dominated by two outliers, which we attribute to the fact that the OEO material is filled into the slots by a manual process. We expect that an automated dispensing of the OEO material will improve these figures.
The currently used MZM still suffer from a low doping level in the silicon slabs, which leads to high RC time constants and hence limits the bandwidth of the phase shifters. In the subsequent 100 GBd signaling experiments, we emulate an increased doping concentration by applying a gate field between the Si substrate and the silicon device layer. This induces an electron accumulation in the Si device layer and thereby increases the slab conductivity [25] , but also increases the total optical insertion loss by 0.8 dB for an applied gate field of 0.1 V/nm. Note, however, that this increase in insertion loss comprises the contributions of both the 280 µm-long phase shifter and the 1.3 mm-long access waveguides. Assuming approximately equal carrier-induced propagation losses in both sections, we estimate an increase of the phase shifter loss of approximately 0.14 dB, leading to a still acceptable phase-shifter insertion loss of around (0.7 ± 0.5) dB. To the best of our knowledge, this is the lowest phase-shifter insertion loss so far demonstrated for a high-speed MZM on the SiP platform. Note also that the gate voltage and the associated loss can be avoided by using optimized doping profiles, which rely on high doping concentrations in the slabs outside the core region of the slot waveguide, and which lead to negligible extra insertion losses of below 0.1 dB [26] .
The phase shifter loss of PS 0.7 dB a  leads to a propagation loss coefficient of
. Based on theoretical considerations, we believe that these losses are mainly caused by surface roughness of the slot waveguides and that there is still significant potential for further reduction. In fact, slot waveguides with propagation losses down to 0.2 dB/mm were already shown [27] . Using the determined loss coefficient of a = 2.5 dB/mm and the measured UπL product of 0.41 Vmm, we calculate a loss-efficiency product of aUπL = 1.0 VdB, which is similar to our previously published results of aUπL = 1.2 VdB [10] . However, the devices in our previous work were much larger with 1.5 mm long phase shifters and had larger loss coefficients of 3.9 dB/mm resulting in higher phase shifter insertion losses of 6 dB.
Data transmission experiment
We demonstrate the high-speed performance of the SOH MZM by generating on-off-keying (OOK) and four-level pulse-amplitude modulation (PAM4) signals at symbol rates of 100 GBd. The experimental setup is shown in Fig. 4(a) . An arbitrary-waveform generator (AWG) with a bandwidth of 45 GHz delivers the electrical drive signal, which is boosted by an RF amplifier (RF amp) with a bandwidth of 55 GHz. The drive signal is coupled to the open-ended SOH MZM by a microwave probe. The MZM is optically fed by an externalcavity laser (ECL), which is set to an emission wavelength of 1560 nm and an output power of 11.5 dBm. To compensate for the relatively high insertion losses of the grating couplers at the input and the output of the SOH MZM, we use an erbium-doped fiber amplifier (EDFA), which is followed by a band-pass (BP, bandwidth 2 nm) filter to suppress amplified spontaneous emission (ASE) noise. A variable optical attenuator (VOA) is used to adjust the optical power before coupling the modulated signal to a 70 GHz photodiode (PD). The PD output is recorded by a real-time oscilloscope (RTO) having an analog bandwidth of 63 GHz and a sampling rate of 160 GSa/s. The digitized waveforms are post-processed offline. The digital signal processing (DSP) chain includes resampling, timing recovery, blind adaptive time-domain equalization using the Sato algorithm [28] with a filter length of 58 taps, and finally error counting. The signal is a pseudo random binary sequence of length 2 11 -1, which is mapped to OOK or PAM4 symbols and encoded onto pulses with a raised-cosine spectrum (roll-off factor β = 0.1).
For a gate field of 0.1 V/nm the SOH MZM has a 3 dB EO bandwidth of 40 GHz when terminating the electrodes with a 50 Ω resistor. The data transmission experiment, however, is done without device termination. This reduces the bandwidth of the device, but leads to an inherent doubling of the drive voltage through reflection at the open end of the transmission line [29] and thus allows us to use a drive signal with a comparatively small peak-to-peak voltage swing of only 0.72 Vpp. Such signals can be generated with standard CMOS circuits, thereby enabling highly efficient operation of the devices without any dedicated drive amplifiers [30] . In our experiment, a linear digital pre-equalization of the drive signals is used to flatten the frequency response of the AWG and the RF amplifier. For a 100 GBd PAM4 signal, the peak-to-peak voltage swing at the amplifier output measured at a 50 Ω impedance amounts to 0.78 Vpp. This reduces to the above-mentioned 0.72 Vpp when taking into account the insertion loss of the microwave probe, which amounts to 0.7 dB at the Nyquist frequency of 50 GHz. For the open-ended device, this results in an effective drive voltage of 1.44 Vpp, which is close to the modulator's DC π-voltage of 1.50 V. However, due to the modulator's frequency roll-off, the MZM is still operated in the linear regime of its transfer function such that nonlinearities do not play a role. The total fiber-to-fiber attenuation of the MZM amounts to 13.6 dB, measured without a gate voltage, and the gate-induced extra loss amounts to 0.8 dB. The wavelength-averaged phase shifter loss amounts to PS 0.74 dB a  without gate voltage, which increases by an estimated 0.14 dB once the gate is applied. Figure 4(b) shows the measured bit-error ratio (BER) as a function of the received power. The dashed horizontal line indicates the BER threshold 4.45  10 3 [31] for hard-decision forward error correction (HD-FEC) with a 7 % overhead. For OOK and received optical powers > 1 dBm, we cannot detect any errors in our 12.5 µs long recordings, which contain 1.2510 6 bit. We thus plot the corresponding data points at the lower edge of the diagram. For a received power of −1.4 dBm, the BER amounts to 1.210 3 , which is still well below the threshold for HD-FEC. Figure 4 (c) depicts the eye-diagram for 100 GBd OOK at a received optical power of 4.8 dBm along with the corresponding histogram of the signal levels measured at the sampling point in the center of the eye.
PAM4 is less robust against inter-symbol interference (ISI) and noise such that our recordings show systematically higher BER values compared to OOK with a power penalty of approximately 6 dB measured at the BER threshold for 7% HD-FEC. For a received optical power of 4.5 dBm, the BER amounts to 3.610 3 , which is just below the 7% HD-FEC threshold. In Fig. 4(d) , we depict the eye diagram for a received optical power of 4.5 dBm along with the histogram, which was again obtained at the temporal sampling point in the center of the eye diagram. The eyes are not fully open, resulting in histogram counts between the symbol power levels. The achieved line rate amounts to 200 Gbit/s, corresponding to a net data rate of 187 Gbit/s. To the best of our knowledge, this is the highest PAM4 data rate so far demonstrated using a sub-1 mm SiP modulator.
Summary
We show SOH MZM with UπL products of 0.41 Vmm and aUπL products of 1.0 VdB. The compact devices have 280 µm-long phase shifters with optical insertion losses of only 0.7 dB, which corresponds to the lowest phase-shifter insertion loss reported so far for a high-speed MZM on the silicon photonic (SiP) platform. We demonstrate high-speed optical signaling by generating OOK and PAM4 signals at symbol rates of 100 GBd, resulting in line rates of up to 200 Gbit/s. The measured BER values are below the 7 % hard-decision FEC limit. We believe that compact low-loss MZM with small UπL products are not only interesting for optical communications but may be also useful for applications requiring dense photonic integration of energy-efficient phase shifters such as in optical phased arrays or in the field of quantum optics. The presented device concept can easily be extended to in-phase/quadrature (IQ) modulators [32, 33] .
Appendix: Determination of phase shifter insertion loss
To determine the phase-shifter insertion loss, we investigated SOH devices on nominally identical MZM dies from four different positions of a 200 mm wafer, which we label Die 1, Die 2, Die 3, and Die 4. Each die contains four imbalanced SOH MZM with 280 µm-long phase shifters. For each device, we extract the dB-values of the phase shifter loss aPS(λi) at wavelengths λi of constructive interference by subtracting the attenuation of the two grating couplers (2aGC(λi)), the two MMI splitters (2aMMI(λi)), the strip waveguides (aStrip) and the two mode converters (2aConv) from the total measured attenuation (atot(λi)) of the respective device. Subsequently, an average of aPS(λi) over the set of wavelengths λi gives the mean phase shifter loss PS a , see Section 4. For the grating couplers, the MMI splitters, and the mode converters, the attenuations are obtained from measurements of nominally identical reference structures fabricated in the same production run. The propagation loss of the strip waveguides is obtained from specifications of the silicon photonic foundry. Table 1 summarizes the values and the standard deviations of the loss contributions obtained for the various building blocks. Note that these loss contributions are generally wavelengthdependent, which is taken into account when estimating aPS(λi). For simplicity, Table 1 only specifies the values for the loss contributions aMMI, aGC, and aGC,2 and the associated standard deviations at a fixed wavelength of 1560 nm. The losses aStrip and aConv are assumed to be wavelength-independent for the investigated wavelength range. For atot, we picked the wavelength λi of constructive interference that is closest to 1560 nm and indicate the used value of λi in Table 1 .
The measurement of the grating coupler (GC) test structure is particularly important since the associated attenuation is by far the largest of all components. Due to general fabrication tolerances, there are variations in GC performance across the wafer, and we hence measure aGC for each die separately and use a test structure directly next to the respective SOH MZM. Each MZM die also contains a test structure for the MMI insertion loss aMMI consisting of 4, 8, and 12 concatenated MMI couplers, which are accessed via grating couplers. A fit of the losses measured for these coupler sequences allows extracting the attenuation per coupler. This measurement also provides an additional value for the grating coupler attenuation aGC,2. For all MZM dies, aGC,2 and aGC agree very well, and the mean relative deviations of the associated dB-values do not exceed 3 % in the investigated wavelength range. This result indicates that there is only little intra-die variation of the GC performance and that the losses aGC obtained from the GC test structure can be safely used as a reference. For measuring the insertion losses of the strip-to-slot converters, we use a dedicated test structure on a fifth die, which is obtained from the same wafer as the four MZM dies. The test structure comprises 2, 4, 8, and 10 concatenated pairs of strip-to-slot and slot-to-strip converters. A fit to the measured data gives the attenuation per converter.
The error bounds for the measured attenuations aMMI, aConv, and aGC,2, are obtained from the least-squares fits of the associated linear model to the respective measurement data. For aStrip, we rely on the uncertainty specified by the manufacturer. The error bounds for atot and aGC correspond to a statistical error obtained by measuring the very same structure three times, starting the alignment of the fibers from independent positions.
The phase shifter losses aPS(λi) are associated with a wavelength-dependent measurement error σmeas, corresponding to the blue error bars in Fig. 3(a) . For each wavelength λi, this error is determined as the root of the summed error squares of the various contributions according to Eq. (1) of the main text. Note that, for simplicity, Table 1 specifies σmeas only for the wavelength λi of constructive interference, which is closest to 1560 nm. The wavelengthaveraged phase shifter loss PS a along with the measured standard deviation PS a  of aPS(λi) is specified in the last column of Table 1 . Table 1 . Loss contributions obtained for the various building blocks. The losses aMMI, aGC, and aGC,2 are specified at the wavelength of 1560 nm. The total loss atot is specified at the wavelength λi of constructive interference, which is closest to 1560 nm. The quantity σmeas reflects the total measurement uncertainty of individual aPS(λi) taking into account the uncertainties of the individual loss contributions, and
